ABSTRACT Composite biomaterials with controllable microstructures play an increasingly important role in tissue engineering and regenerative medicine. Here, we report a magnetic hydrogel composite with disk-like microstructure fabricated by assembly of iron oxide nanoparticles during the gelation process in the presence of rotating magnetic field. It should be mentioned that the iron oxide nanoparticles here were synthesized identically following techniques of Ferumoxytol that is the only inorganic nanodrug approved by FDA for clinical applications. The microstructure of nanoparticles inside the hydrogel was ordered three-dimensionally due to the twist of the aligned chains of magnetic nanoparticles which leads to the lowest state of systematic energy. The size of microstructure can be tuned from several micrometers to tens of micrometers by changing the assembly parameters. With the increase of microstructure size, the magnetothermal anisotropy was also augmented. This result confirmed that the assembly-induced anisotropy can occur even for the several micron aggregates of nanoparticles. The rotating magnetic field-assisted technique is cost-effective, simple and flexible for the fabrication of composite hydrogel with ordered microstructure. We believe it will be favorable for the quick, green and intelligent fabrication of some composite materials.
INTRODUCTION
Currently, the functional nanoparticles are increasingly involved in construction of composite biomaterials to reinforce performance in diverse aspects [1] [2] [3] [4] . The microstructures of nanoparticles play an essential role in control of collective properties for the composite biomaterials. For instance, the artificial materials composed of nanoparticles with multi-hierarchical order have been exhibited to be more capable of mimicking the natural matters, such as artificial muscle [5] , bone [6] [7] [8] , spider silk [9, 10] and even niche of stem cells [11, 12] . Owing to its special magnetic property and clinic approval by the Food and Drug Administration (FDA), iron oxide nanoparticles are the extremely promising elemental units for the clinician. Thus, it remains critical and imperative to develop a controllable method for production of composite materials integrated with iron oxide nanoparticles. Fortunately, the magnetic nanoparticles have a significant advantage of remote manipulation with magnetic field so that the magnetic field-directed assembly of magnetic nanoparticles can be employed to form the ordered structures effectively [13] [14] [15] . For instance, the modulated magnetostatic magnetic field can direct the long-ranged order of magnetic nanoparticles in macroscopic dimension [16] [17] [18] . Furthermore, the common biomaterials have demonstrated exceptional magnetocontrollable performance by integration with the magnetic nanoparticles [19] [20] [21] . It was reported very recently that the composite hydrogel internally with the chain-like assemblies of magnetic nanospheres showed the orientation-dependent magnetothermal property which can bring about the so-called electromagnetically controlled "on demand" release of drugs [22, 23] . Mechanism of this phenomenon rooted in the assembly-dependent enhancement of energy absorption which made the Poynting's theorem take effect upon the assemblies of nanoparticles [24, 25] . Thus, the larger projected area of assemblies in the direction of Poynting's vector will cause more absorption of electromagnetic energy and more thermogenesis. However, there remain at least two aspects to further explore for purpose of clinical application. For one thing, the magnetic nanospheres are incapable of application in clinic. The FDA-approved magnetic nanomaterial must be tested and verified. For another, the magnetothermal regulation should be more flexible.
Disk-like morphology has been found in multi-hierarchical dimensions from galaxy to red blood cell, meaning the formation of this morphology is closely relative with interaction between multiple fundamental forces during the evolution of nature. Thus, the controllable fabrication of composite materials with the disklike micro-morphology will be favorable to both the understanding of self-assembly systems and the development of novel biomimic functional materials [26] . Moreover, the disk-like microstructure can be regarded as a contractible two-dimensional film in microscale so that some conclusions from two-dimensional film can be generalized to microdisk. Because the disk-like morphology possessed controllability in two dimensions, we thought the magnetic hydrogel with disk-like microstructure will be more flexible for electromagnetically controlled drug release. Although several engineered approaches were developed to fabricate heterogeneous composites of magnetic nanoparticles [27] [28] [29] , the threedimensionally ordered arrays of nanoparticles within soft matters such as hydrogel, have remained a challenging task.
Here, the rotation magnetic field was utilized to direct the disk-like assembly of iron oxide nanoparticles inside the PAM (polyacrylamide) hydrogel. The iron oxide nanoparticles were capped by polyglucose sorbitol carboxymethyether (PSC) and the synthesis was identically following the process flow of Ferumoxytol which was an inorganic nanodrug approved by FDA for clinical use [30] . This can guarantee the promising potential in clinical applications of our magnetic hydrogel. During the process, the reaction system was subjected to an alternating magnetic field so that the nanoparticles can form small clusters to optimize the uniformity of colloidal size and facilitate the assembly but without alteration of the composition recipe as a clinic drug [31] . The as-synthesized nanoparticles were dispersed into the monomer solution of acrylamide and a rotating magnetic field was present during whole gelation process. The rotation magnetic field can impose torques besides the dipolar forces on the magnetic nanoparticles, resulting in the rotational motion of the aligned assemblies so that it was expected to yield the disk-like assemblies. The magnetic hydrogel with different sized microstructures exhibited a dependence of magnetothermal anisotropy on size which confirmed that the magnetothermal anisotropy can exist even for the assemblies of nanoparticles in several microns.
EXPERIMENTAL SECTION

Synthesis of magnetic nanoparticles
The iron oxide nanoparticles were synthesized by coprecipitation method. Firstly, 25% (w/w) N(CH 3 ) 4 OH was slowly added into a mixture of FeCl 2 ·4H 2 O and FeCl 3 ·6 H 2 O (molar ratio was 1:2) which was dissolved in 2.5 mL ultrapure water until pH value reached 13. Then 1.5 mL ammonium hydroxide was added into the mixture. The solution was heated to 70°C for half an hour with 600 rpm stirring during this process. Secondly, 400 mg PSC was dissolved in 3 mL ultra-pure water and added into the reaction flask. After heating for 0.5 h, the colloidal suspension was magnetically separated and washed with ultra-pure water for several times. The whole synthesis process was under the nitrogen atmosphere.
Fabrication of magnetic nanoparticles inside hydrogel
Firstly, acrylamide, ammonium persulfate and methylene-bis-acrylamide (molar ratio was 90:3:2) were added into 10 mL ultrapure water with ice bath and mixed by stirring for 5 min. Then 800 μL polymer solution and 200 μL Fe 3 O 4 @PSC colloidal suspension were mixed in a cylindrical glass utensil (Diameter: 1 cm, Height: 1.5 cm). After that, the mixture was subjected to a rotation magnetic field. The gelation was triggered by addition of 1 μL N,N,Nʹ,Nʹ-tetraethylethylenediamine. The whole process lasted for 15 min in the presence of the rotation magnetic field until the hydrogel formed.
Magnetothermal measurement
The magnetic hydrogel were subjected to an alternating magnetic field for measurement of angle-dependent magnetothermogenesis. The measurement process in the experiments continued for 20 min and the temperature was recorded by both optical fiber sensor and infrared thermo-camera.
Characterizations
The hydrodynamic size was measured by using NanoSizer (Zeta-Sizer, Malvern Instrument, British). The morphological characterization was done by Optical Imaging System (IX71, Olympus Co. Ltd., Japan), transmission electron microscopy (TEM, JEM-2100, Japan) and field emission scanning electron microscopy (FES-EM, Zeiss Supra 40 Gemini, Germany), micro computed tomography (micro-CT, Hiscan-M1000, China) and laser scanning confocal microscopy (Leica TCS SP8, Germany). The thermogenesis of magnetic hydrogel was measured by Fiber Spectrometer (FISO UMI 8, Canada) and Thermal Imager (Fluke, TI32). The magnetization of the samples was measured by using VSM (model 7407, Lake Shore Cryotronics, Inc., USA). The elastic compression modulus of the hydrogel was measured by a single column testing machine (Instron 5943 ITW, USA).
RESULTS AND DISCUSSION
Morphological images of the synthesized Fe 3 O 4 capped by PSC nanoparticles with scanning electron microscopy (SEM) are shown in Fig. 1a . It is seen that the small nanoparticles aggregated into clusters. Hereafter, the material was denoted as The rotating magnetic field was composed of two magnets fixed on a motor, as conceptually shown in Fig.  1c . It was found that the distance between the two magnets can significantly influence the field. Simulated field intensity in central position of the gap with different distance between the two magnets is shown in Fig. 1d , from which it can be seen that the field intensity decreases with increase of the distance. Furthermore, the uniformity of field intensity was more relative with the distance between two magnets. The field distribution between two magnets was simulated with different distance. The simulated values in the central axis were plotted in Fig. 1e , where the field intensity can be regarded uniform when the distance was above 5 cm.
Otherwise, the field intensity approached the maximal value from the central position to the pole of magnets. In our experiments, the distance was set as 7 cm.
A typical sample was fabricated in the presence of a rotation magnetic field with 10 mT field intensity and 600 rpm frequency. The disk-like morphology can be recognized by optical observation from longitudinal and transverse directions, respectively (Fig. 2a, b) . Here, the original images can be processed into binary images by computer to facilitate the measurement and statistics, which were also shown here. Based on the binary images, the average statistical size of diameter and thickness for the disks was about 15 μm and 5 μm, respectively. A single disk was also selectively characterized by SEM and laser scanning confocal microscopy (LSCM) more clearly, as shown in Fig. 2c and d, respectively. The local magnification indicated that the disk was composed of aggregates of nanoparticles. This can be also confirmed by the element mapping (Fig. 2e) . The distribution of Fe signals exhibits the disk-like assemblies and the unconsolidated contact. The unconsolidated contact rooted in the nanoparticles themselves. Because of the standards as clinic nanodrug, the iron oxide nanoparticles were capped with a thick layer of polyglucose molecules to keep the safety and stability. Thus, the steric repulsion prevented the nanoparticles from closely-packed aggregation. Actually, the thick surface capping was the critical factor for our nanoparticles differing from the magnetic nanospheres in field-directed assembly. The hydrogel containing assemblies of nanoparticles was also observed by micro-CT. The big vision range indicated the disks were relatively uniformly dispersed inside the hydrogel (Fig. S2) . However, the resolution of CT seemed too low to characterize the morphology.
The size of disk-like microstructure can be controlled by alteration of field and colloidal parameters. With field intensity increasing from 5 to 20 mT (here the colloidal concentration was 1.5 mg mL −1 and the frequency was 600 rpm), the morphological images of varied assemblies are shown in Fig. S3 . The average statistical diameter is shown in Fig. 3a , remarkably increasing from 3 to 25 μm. Interestingly, the thickness just showed an insignificant increase, which resulted from the enhanced dipolar interaction between nanoparticles with the field intensity increasing. However, in the height direction, the magnetostatic field led to the repulsive force between particles due to the parallel arrangement of magnetic moments so that the thickness owned an insignificant increase. However, too high field was unsuitable, and it will cause the cluster-like aggregation by reason of influence from the field gradient. When the field intensity was over 30 mT, the magnetic nanoparticles were experimentally found to move toward edge of the hydrogels (Fig. S4) . On the contrary, the increase of field frequency seemed to prohibit the expansion of microdisks. In case that the field intensity (10 mT) and the colloidal concentration (1.5 mg mL −1 ) were fixed, the morphological images of microdisks under different field frequency were shown in Fig. S5 . The average statistical diameter of assembled disks decreased from 22 μm at 100 rpm to 13 μm at 1,200 rpm (Fig. 3b) . Meanwhile, the average statistical thickness increased from 3 to 8 μm. Here centrifugal force can account for this result. It was thought that the exterior nanoparticles will be cast off by the centrifugal force with the increase of rotational speed. However, the possibility of antiparallel magnetic moments between two assemblies was augmented in the height direction so that the thickness increased. During our experiments, the colloi- . . . . . . . . . . . . . . . . . . . . . . . . . . . . dal concentration was found to play a critical role in the formation of disk-like microstructure. The average statistical diameter and thickness of samples with different concentration were shown in Fig. 3c and the morphological images were shown in Fig. S6 . Here the field intensity and frequency were fixed at 10 mT and 600 rpm, respectively. The average statistical diameter of assembled disks increased from 2 to 17 μm with the increase of colloidal concentration. It was worth noting that the thickness here showed an insignificant alteration. This phenomenon can be interpreted by the reduced distance between nanoparticles which reinforced the dipolar interaction in the planar direction but insignificantly influence the repulsive force between magnetic particles in the height direction. However, too high concentration was also unsuitable. The colloidal nanoparticles were unable to form the disk-like assemblies under concentration of 2.3 mg mL −1 . Instead, the twisted chain-like assemblies can be obviously observed (Fig. S7) . Here fluid resistance can account for this result. If the size of chainlike assemblies were too big, the fluidic drag force will also be reinforced according to the Stokes Law. This force will hinder the twisting process of colloidal assemblies so that the disk-like structure could not be formed under too high concentration. It should be mentioned that the influence of different factors were coupled rather than isolated. By synergistically adjustment of the field and colloidal parameters, the size of microstructures can be controlled from less than 7 μm to about 23 μm (Fig. 3d) .
This result demonstrated that the formation of disk-like assemblies should result from the rotational aggregation of colloidal clusters. The clusters were initially formed under the directional action of magnetic field so that the clusters showed somewhat chain-like morphology. However, due to the rotation of the magnetic field, the chain-like clusters could not grow continuously. The chain-like clusters then twisted together to form the disklike structures in the presence of torsional force resulting from the rotation magnetic field. The morphology of nanoparticles inside the hydrogel in different stages during the assembly can be characterized by SEM after freeze dehydration of sliced hydrogel sample. Here, five morphological images were sampled to show the formation process. Initially, the magnetic nanoparticles were randomly dispersed inside the hydrogel (Fig. 4a) . Just after the rotation magnetic field was applied, it can be seen that the magnetic particles began to aggregate showing the tendency of one-dimensional assembly (Fig.  4b) . Then, the assemblies of nanoparticles continued to grow in the presence of the rotation magnetic field and the nanoparticles can be seen to gradually aggregate together around a core (Fig. 4c, d) . Finally, the disk-like assemblies of magnetic nanoparticles formed where the nanoparticles aggregated together more closely (Fig. 4e) . Therefore, the formation mechanism can be demonstrated based on the coupled interaction of magnetic dipolar force (F mag ), torsional force (F tor ) from the rotation field and viscous resistance from fluid (F drag ), which was schematically illustrated in Fig. 4f . As far as the formation of disk-like morphology was concerned, it was actually due to the principle of energy minimization. It is known that demagnetization energy plays a dominant role in the assembly of magnetic nanomaterials [32] [33] [34] [35] . The energy fluctuation for different morphology of assemblies in the presence of rotation magnetic field was simulated by Object Oriented Micromagnetic Framework (OOMMF), confirming that the disk-like structure was the minimal state of magnetic energy (Fig. 4g) . Thus, in the presence of rotating magnetic field, the nanoparticles will evolve into the densely packed state eventually, which was directed by the external field from a discrete system into an equilibrium state. For the one-or two-dimensional assemblies of magnetic nanoparticles in centimeter scale, we have proved that the assembly can enhance the couplings between nanoparticles so that the assemblies will show some properties resembling the bulk materials, leading to emergence of the orientation-dependent magnetothermogenesis. Here, the disk-like microstructure magnetic hydrogel similarly exhibited the orientation- . . . . . . . . . . . . . . . . . . . . . . . . . . . . ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1118 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . dependent magnetothermogenesis even in micron scale. Temperature curves of the magnetic hydrogel in different slope angles confirmed this point, which were shown in Fig. 5a . The corresponding 2D mapping images by infrared thermo-camera were shown in Fig. S8 . VSM measurements of the assembled and the disorganized magnetic hydrogels exhibited that the magnetic microstructures owned obvious anisotropy of magnetization after assembly (Fig. 5b, c) . This result demonstrated the magnetothermal anisotropy resulted from the anisotropic morphology after assembly. Interestingly, the anisotropy degree of the assembled microdisks was augmented with the increase of microdisk size. The magnetothermogenic data for three microdisks of different size and the disorganized sample were shown in Fig. S9 . From these data, we compared the thermogenic increment between different samples with alteration of the incident direction of alternating magnetic field. The results were shown in Fig.  5d . By data fitting, it can be seen clearly that the slope of thermogenic increment to field direction was getting bigger with the increase of microdisk size. The higher slope meant the variance of thermogenesis was more significant for the sample under the alternating magnetic field with different incident directions. Here the ther- . . . . . . . . . . . . . . . . . . . . . . . . . . . . mogenesis was identical in the different incident direction of field for the disorganized sample, meaning its thermogenesis was isotropic in the presence of alternating magnetic field with different incident directions. This result was important because it proved the assembly-induced anisotropy for collective magnetic nanoparticles still remained true even for the assemblies of several microns. Moreover, the anisotropy degree of magnetic hydrogel can also be tuned by alteration of microstructure size, which provided us a more flexible route to control the thermogenesis as well as the drug release of magnetic hydrogel by alternating magnetic field.
In addition, the hydrogel's mechanical property was also influenced by the microstructure of nanoparticles. Here, the compressive moduli were measured for the plain hydrogel, the magnetic hydrogel with disordered nanoparticles and the magnetic hydrogel with disk-like assemblies (Fig. S10) . Based on the results, the elastic modulus was significantly reinforced by addition of iron oxide nanoparticles into the hydrogel. This is obviously because of the increased portion of 'hard spheres'. Furthermore, the formation of ordered microstructure can promote the compressive modulus. More interestingly, the compressive modulus parallel to the assembled disks was significantly larger than that perpendicular to the assembled disks. This result manifested that the assembled microstructure of iron oxide nanoparticles can also influence the mechanical property of composite hydrogel.
CONCLUSIONS
In summary, one facile route was developed to fabricate the composite hydrogel with disk-like microstructure of iron oxide nanoparticles whose size can be regulated at least from 7 to 23 μm. The assembled magnetic hydrogel exhibited the controllable anisotropy degree dependent upon the size of microstructure. This work demonstrated that the field-directed assembly will be a promising route for automatic, intelligent and rapid fabrication of composite materials with controllable internal microstructures that will provide an effective means to control the property of composite materials containing functional nanoparticles. The iron oxide nanomaterial in this work is FDA-approved so that the magnetic hydrogel with ordered microstructure is highly promising for future clinical translation.
